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Introduction
Assessing periodontal conditions has always been 
a concern for dental researchers. Static pressure 
applied to the tooth using a finger or mirror handle 
is the principle clinical method for assessing peri-
odon tal mobility in vivo. However, several reports 
have questioned the accuracy and resolution of 
these meth ods in terms of a qualitative analysis.1 
Accord ingly, development of a scientific tool for 
accu rately evaluating the periodontal status remains 
a priority.
A previous study demonstrated a strong correla-
tion between the degree of tooth mobility and al-
veolar bone loss.2 Therefore, to overcome problems 
with detecting tooth stability, laser Doppler vib ro-
metry3 and percussion sound analysis4 have been used 
to measure the mobility of healthy teeth. Recently, 
an amorphous sensor using a small magnet was 
developed for noncontact measurements of tooth 
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dis placement and estimation of physiologic move-
ment within clinically normal periodontal tissues.1 
However, the clinical application of these tech-
niques remains limited.
Over the past two decades, the Periotest (Siemens 
AG, Bensheim, Germany) has achieved recognition as 
one of the major instruments for evaluating tooth 
mo bility. However, the accuracy of this method is 
strongly affected by the excitation direction and 
the applied force, with the measurement not always 
precisely reflecting the biomechanical situation.5 
A recent clinical report also demonstrated no signi-
ficant correlation between Periotest values and peri-
odontal conditions.1
The natural frequency (NF) is one type of vibra-
tional resonance frequency of a vibrating object re-
lated to its material properties and the boundary 
conditions of the structure. Resonance frequency 
analysis has been applied in dental implant research 
by a number of groups.6−9 Their results demonstrate 
that vibrational frequencies can be important for 
as sessing the interface between a dental implant 
and the surrounding bone. In this regard, Ito10 inves-
tigated the association between the vibration fre-
quency of a deciduous tooth and physiologic root 
resorption. Based on the findings that the NF of a 
tooth decreased with the degree of root resorption 
in both simulation modeling and in vivo testing, the 
author concluded that a vibration analysis could be 
useful for clinically measuring tooth mobility.
Because of the association between the NF and 
peri odontal conditions, NF analysis has been used to 
assess the damping characteristics of the periodontal 
ligament.11 In 2001, Huang et al.12 measured NF 
values of the incisor and canine in vivo and found a 
sig nificant drop in the mean NF as a result of tooth 
peri odontium attachment loss. Lee et al.13 and Wang 
et al.14 used two-dimensional and three-dimensional 
(3D) central incisor finite element (FE) models to pro-
vide a theoretical basis for this hypothesis. Anal ysis 
of numerical simulation data showed that the NF value 
of the maxillary central incisor decreased as the peri-
odontal level was lowered. How ever, the theo retical 
basis for evaluating canines is still unavailable.
To elucidate the vibrational behavior of teeth, 3D 
FE models of the maxillary canine were established 
in this study. Then, NF values associated with vari-
ous types and levels of surrounding bone loss were 
determined.
Materials and methods
Establishing the FE model
To determine the effects of different surrounding 
bone conditions on the NF of natural human canines, 
3D FE models were established using a computed 
tomographic (CT) image reconstruction technique.15 
Based on the clinical findings that reduction in bone 
density in osteoporosis patients is greater at the 
maxilla than at the mandible,16 and that changes 
in height and density are smaller in the mandible 
com pared with the maxilla,17 maxillary canines were 
chosen as the test subject in this study.
Micro CT scans were performed on extracted hu-
man canines at a resolution of 1 mm along the ver-
tical axis. The basic canine geometry was acquired 
from transverse CT images. Then, the CT section 
coordinates were digitized using image processing 
software (Image-Pro Plus; Media Cybernetics, Silver 
Spring, MD, USA). Tooth contour lines from each CT 
image were replotted at the same intervals, and 3D 
solid models were reconstructed. As shown in Fig. 1, 
the canine models were enmeshed with all compo-
nents, including the enamel, dentin, pulp and perio-
dontal membrane, using an FE software package 
(ANSYS; Swanson Analysis System, Houston, PA, 
USA). The thickness of the periodontal membrane 
(0.25 mm) was based on findings of a previous study.13 
In the FE models, the canine was surrounded by 
spongy bone, with a thin layer of compact bone at 
the surface. Based on the clinical classification, at-
tachment loss reaching 4 mm or more was defined to 
indicate periodontal disease requiring treatment.7 
Therefore, the alveolar process was located 3 mm 
apically from the cementoenamel junction (CEJ).18 
Finally, the canine model comprised a total of 1847 
nodes and 1716 3D eight-node hexahedral elements.
Mechanical properties and boundary 
conditions
Lee et al.13 found that the first vibration mode of 
the human tooth is a single bending mode which 
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Fig. 1 Finite element models used in this study. The tooth 
was embedded in alveolar bone interfaced with a thick 
layer of periodontal ligament (PDL).
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vibrates along the lingual-labial axis. Furthermore, 
considering that the alveolar bone cannot vibrate 
in the mesial-distal direction, the boundary condi-
tions in the models were chosen to fix the mesial-
distal side of the bone at all nodes. The mechanical 
properties of the model were assumed to be homo-
geneous, isotropic, and linearly elastic. Specific prop-
erty values were adopted from previous studies 
(Table 1).13,19−21
Simulation of attachment bone loss
The NFs of the teeth were calculated with bone lev-
els at 3−10 mm in a 1-mm step downward from the 
CEJ of the teeth (Fig. 2). Then, the attachment bone 
of the FE model was simulated with one-, two- and 
three-sided bone resorption to assess the effects of 
various types and degrees of bone loss on the vibra-
tional frequency of human canines. One-sided resorp-
tion was used to simulate vertical attachment bone 
loss on the mesial, distal, buccal and palatal sides 
(Fig. 3A). Models with two-sided resorption were used 
to simulate vertical defects on the mesial-buccal, 
distal-buccal, mesial-palatal and distal-palatal sides 
(Fig. 3B). In the third model, vertical attachment 
bone loss was set to involve the buccal-mesial-
palatal, buccal-distal-palatal, mesial-buccal-distal 
and mesial-palatal-distal sides (Fig. 3C). In each situ-
ation, compact bone and spongy bone were apically 
reduced from 3 to 10 mm in 1-mm steps from the CEJ. 
The NF values were then computed to assess the 
relationship between NF values and bone levels. In 
this study, the NF decreasing rate (NFDR) was de-
fined as the change in the NF value as the bone 
level varied from its original status to 10 mm down 
from the CEJ.
Results
To evaluate the relationship between the NF and 
the bone level, FE models were used to simulate var-
ious tooth attachment levels. The NF of the human 
Table 1. Mechanical properties used in the finite element models
 Young’s modulus (GPa) Density (g/cm3) Poisson’s ratio
Enamel 77.9* 3.0 0.33
Dentin 16.6 2.2 0.31
Pulp 0.00689 1.0 0.45
Periodontal ligament 0.05 1.1 0.45
Compact bone 10 1.4 0.26
Cancellous bone 0.5 1.4 0.38
*Values from references 13 and 19−21.
A B
Fig. 2 Finite element models of canines with horizontal 
bone loss of: (A) 4 mm and (B) 8 mm below the cemen-
toenamel junction.
A B C
Fig. 3 Examples of the canine model with: (A) one-, (B) 
two- and (C) three-sided vertical bone loss.
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canine was determined to be 2581 Hz. Fig. 4 shows 
the results from simulations of bone height loss, i.e., 
the effect of different bone attachment levels on the 
canine’s NF. The highest frequency was obtained 
when the bone level was 3 mm from the CEJ, with 
the lowest (598 Hz) when the distance from the 
CEJ was increased to 10 mm (Fig. 4). Relationships 
between the frequency and attachment level were 
linear: y = 286.65x + 185.68 (R2 = 0.9842), where x is 
the periodontal attachment level (mm) and y is the 
corresponding NF (Hz).
In the simulation of vertical bone loss, the ten-
dency of NF to decrease in the canine model revealed 
a similar trend to simulations of horizontal bony 
defects. Fig. 5 demonstrates that changes in the NF 
(NFDR) were  < 3% and 12%, respectively, in canines 
with a one-sided defect when the bone level varied 
by 10 mm from the CEJ on the facial-lingual and 
mesial-distal sides. In Fig. 5, the decrease in the 
NF was correlated to the pocket depth, and NFDR 
values were 11.8% for mesial bony defects and 9.3% 
for distal bony defects. However, NFDR values were 
much smaller when vertical bone loss involved the 
facial (2.3%) and lingual sides (1.4%).
In the two-sided bone loss simulation, the facial-
mesial bone loss model had the highest NFDR (15.3%) 
compared with those with lingual-mesial bone 
(14.4%), facial-distal bone (12.5%) and lingual-
distal bone loss (11.2%). For the three-sided bone re-
sorption models, the NFDR of the canine was roughly 
divided into two groups. Bone resorption involving 
the mesial and distal sides (55.6% for mesial-facial-
distal bone loss and 46.7% for mesial-lingual-distal 
bone loss) was larger than that involving the facial 
and lingual sides (22.9% for facial-mesial-lingual 
side and 21.4% for facial-distal-lingual side).
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Fig. 4 Relationship between the natural frequency and 
horizontal bone loss in this canine finite element model.
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Fig. 5 Relationship between the natural frequency and 
the lowered bone level of the three simulated models of: 
(A) one-, (B) two- and (C) three-sided bone defects.
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Discussion
Many researchers have used natural responses to 
estimate the mechanical mobility of human teeth. 
Fry et al.22 applied Hook’s Law to obtain a vibra-
tional frequency of 440 Hz for the tooth−periodontal 
ligament system. The accuracy of this result may 
be questionable, however, owing to excessive sim-
plification in that analysis. From a mechanical stand-
point, a tooth is a simple cantilever beam, which is 
free to vibrate at one end and is fixed at the other. 
Thus, the application of Hook’s Law to evaluate 
the vibration characteristics is simplistic, and the 
Bernoulli-Euler approach is required. The NFs of 
human canines obtained in this study were all above 
2000 Hz. This value is higher than those measured 
in previous in vivo modal testing experiments, with 
a mean value of 1350 Hz.23 This inconsistency be-
tween the frequency obtained in vivo and in the 
present FE simulations may have been due to the 
simplified elastic properties used for simulating 
the periodontal ligament in the current FE model. 
Therefore, the purpose of the current study focused 
on the canines, and qualitatively assessing the precise 
values of the NF of the oral cavity was not discussed.
The height of the marginal bone is an important 
factor affecting tooth stability. Clinically, radiographic 
evaluation and pocket probing are the major meth-
ods for evaluating the bone level.24,25 However, the 
use of these methods in quantitative analyses is 
highly restricted. In this study, the calculated NF 
values for the canine varied quite markedly with 
losses in bone height. This finding is in agreement 
with previous studies of dental implants, which also 
demonstrated that the NF value is affected by the 
height of the surrounding bone.6 A previous in vivo 
study also showed that the NF of healthy teeth is 
higher than that of analogs with periodontal dis-
ease.12 These findings indicate that the NF tech-
nique may be ideal for identifying the surrounding 
bony condition and assessing the stability of natu-
ral teeth.
Attachment loss is directly related to the decrease 
in the contact area between the root and surround-
ing tissue; thus, a lowering of the bone level results 
in an increase in the height of the exposed tooth, 
i.e., the effective vibration length, enhancing tooth 
vibration. This tendency for the tooth NF to decrease 
with loss of surrounding bone height is depicted in 
Fig. 4, and it is in line with vibration theories.
In the present study, it was found that a higher 
number of bony walls around a tooth can improve 
and maintain the stability of the tooth. For example, 
comparing the results shown in Fig. 5A with those 
shown in Figs. 5B and 5C, a greater NFDR was found 
in multi-wall defective canines compared with those 
with only one-sided defects. These results are in 
agreement with previous reports that the vibration 
frequency corresponds to tooth mobility.26,27 Inter-
estingly, when a three-sided bony defect was sim-
ulated, bone loss involving the mesial and distal 
surfaces resulted in a sharper decreasing trend in 
the NF value compared with analogous teeth with 
bone defects involving the facial and lingual sur-
faces (Fig. 5C). That is, the surrounding bone on the 
mesial and distal sides plays more important roles 
than the buccal and palatal bones in maintaining 
canine stability.
In conclusion, this study has demonstrated that 
the NF of human canines decreases with various 
degrees of periodontal bone height loss.
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